The ability to reversibly switch the spontaneous polarization with an applied electric field and a small critical domain size makes ferroelectric materials attractive for high-density nonvolatile memories. [1] [2] [3] [4] However, the written polarization often suffers from a gradual backswitching leading to data loss. [5] [6] [7] [8] [9] [10] At larger scales this process can be attributed to a thermodynamic instability of the written polarization due to electrostatic or elastic energy from built-in electric fields [6, [11] [12] [13] [14] and strain. [15, 16] However, we find that in writing nanosized domains, such as for memory bits in high bit-density storage, the domain wall itself can drive backswitching. Using high resolution in situ transmission electron microscopy we show that localized 180° polarization switching in a PbZr 0.2 Ti 0.8 O 3 (PZT) film initially forms domain walls along unstable planes due to the inhomogeneous electric field from the small switching electrode. After removal of the external field, they tend to relax to low energy orientations. In sufficiently small domains this process results in complete backswitching. Our results suggest that even thermodynamically favored domain orientations are still subject to retention loss, which must be mitigated by overcoming a critical domain size.
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The polarization in ferroelectric oxides such as PZT results from an electric dipole moment created by relative displacements between cations and anions from their centrosymmetric positions. There are six nominally degenerate <100> polarization directions in tetragonal PZT, but electric and strain fields will preferentially favor one or more orientations. The surface energy of the domain walls which separate regions with different polarizations are typically less than a few hundred mJ/ m 2 . [17, 18] This is sufficiently small in comparison to depolarizing fields and strain energy that ferroelectric films intrinsically adopt polydomain structures. However, this energy can become prohibitive for nanoscale domains since it scales with the surface area of the domain rather than its volume, and is well known for imposing a critical size barrier for the nucleation of new domains. In this work we find that a similar but larger size barrier is imposed for switching stability owing to the metastable domain wall orientations formed under the inhomogeneous applied electric field from a surface probe.
Local polarization switching was performed in a single crystal 100 nm thick (001) [19, 20] (subscript O corresponds to orthorhombic indices). Small compressive strain from the DyScO 3 substrate produces a c-axis oriented film, i.e., the polarization axis is normal to the film, yielding two possible polarization directions, upward to the free surface (P [001] ) or downward to the substrate (P [001] ). Intrinsic electric fields arise internally from the polar surfaces (depolarizing fields), space charge layers, and injected charges, which can significantly influence the domain structure. In this case the SRO electrode partially screens the depolarizing fields but introduces a space charge layer in the form of a Schottky junction with a field along the film normal (E  [001]) promoting an upward polarization (P [001] ) at this interface. Highly localized polarization switching is produced by applying a bias between a scanning tungsten probe acting as top electrode and the SRO bottom electrode. An outof-plane electric field concentrated directly below the sharp tip promotes the local reversal of the polarization along the z-axis, i.e., 180° switching, which occurs by a domain nucleation and growth mechanism. [21] To capture switching at this scale, the real-time domain structure is characterized by in situ transmission electron microscopy (TEM). The increased spatial resolution of TEM over electronic [5, [8] [9] [10] or surface probe studies [6, 7, 15] and the access to depth-dependent structural information provides a complete picture of the stable and metastable domain structure in the film during switching. [22] [23] [24] The switching induced by a surface probe is characterized using piezoresponse force microscopy (PFM) and by in situ TEM in Figure 1 . An out-of-plane PFM image (Figure 1a) shows the boundary between regions biased by the surface probe at +17.5 V DC (yellow region) and -17.5 V DC (red region). The change in phase (color), but not amplitude (height), indicates a 180° rotation. The film topography is overlaid on the PFM amplitude image in Figure 1b , which shows some roughening on film surface, however, the domain wall (blue line) does not follow the surface contours. Local nanoscale switching carried out in situ on thin TEM cross sections is also determined to be 180°, an example dark field image of a switched region is shown in Figure 1c . The amplitude and direction of the polarization across the 180° domain wall were determined by calculating the relative offset of the Zr/Ti atoms to the Pb sublattice using high-resolution high angle angular dark field (HAADF) images. [25] Figure 1d shows the HAADF image of the switched domain wall overlaid with its atom-offset derived polarization angle, confirming a 180° rotation of the polarization.
Although the as-grown PZT thin film is primarily polarized upward (P [001] ), some downward ( P [001] ) polarized regions are frequently observed. A time series of a P [001] domain (light) formation and subsequent backswitching from one such P [001] polarized region (dark) under a positive-field is shown in The formation of a P [001] domain can be stabilized by an increase in the domain size using a larger magnitude and/or longer duration of the applied voltage (see Supporting Information Video 2). A time series of the domain structure evolution during switching in the same region of the film under a larger voltage and longer dwell time is shown in Figure 3 . The initial domain structure is identical (Figure 3b) . However, the longer switching time allows for slow lateral expansion of the P [001] domain (Figure 3c-d) . Upon removal of the applied voltage the relaxation of the domain walls no longer brings them into contact (Figure 3e ), but rather results in only a reduction in domain size as the domain walls acquire typical equilibrium vertical 180° domain orientations (Figure 3f ).
According to first-principles calculations the 180° domain walls in PZT along the low energy {100} planes have energy densities of about 130 mJ/m 2 . [17] However, the highly inclined orientations formed under applied electric fields, observed in Figures 2 and 3 , results in positive bound charges from the head-to-head orientation of the polarization vectors normal to the domain wall plane (Figure 4a) . Given the domain wall incline θ = 55° from figure 2b, the bound charge density from the termination of each of the polarization directions at the orientation of the domain walls metastable, leading to spontaneous relaxation to {100} planes after the bias is removed and a shrinking of the switched domain area. For small domains where the apex of these two walls meet to form a triangle shaped domain, as in Figure 4a , the backswitching leads to a complete reversal of polarization within a few seconds. Larger trapezoidal domains (Figure 4b ) suffer the same immediate loss in domain volume from the domain wall reorientation, but still retain a rectangular switched domain (Figure 4c ). These domains still remain stable after four months (10 7 seconds), indicating thermodynamic stability.
The driving force for adopting metastable domain orientations can be understood from the electric field distribution within the PZT film. The two primary contributions are the Schottky junction at the PZT/SRO interface (Figure 4d ) and the external field applied between the surface probe and SRO electrode (Figure 4e ). The former arises from the larger work function of SRO (4.9 eV) in comparison with the electron affinity of PZT (3.5 eV). [28, 29] The resulting electric field is normal to the interface and increases linearly with depth, reaching its maximum value ∼18 MV/m at the PZT/SRO interface [30] as shown in the contour plot (Figure 4d ), derived assuming homogenous doping and a depletion width equal to the film height. In contrast, the external applied field is concentrated at the top near the film surface due to the local contact of the tip. The inhomogeneous vertical electric field distribution is shown in Figure 4e for a -6 V bias and 10 nm tip contact area. The combination of these two fields produces the distribution of the total field shown in Figure 4f . The equipotential lines in this contour map exhibit the same triangular shape for moderate field strengths (Figure 4f ) as the initial switched domain. Since the domain nucleation and domain wall motion are field dependent, new domains will nucleate from one of the two maximum field regions at the top and bottom interfaces, expand rapidly through high field regions (red), and slow down as they extend to regions of low field resulting in inclined orientations. Lateral growth of the domain away from the tip would be particularly slow at the top surface where the applied field is almost entirely in plane. Similar switching experiments in the opposite direction, forming P [001] domains within a P [001] region, exhibited very little inclination of the domain walls from the stable vertical planes and backswitching by this mechanism was not observed.
Although the applied electric field and the Schottky barrier between PZT and SRO can account for a tapered domain shape, other possible built-in fields may be present and destabilize the P [001] domain near the free surface. These fields may result from a Schottky junction between the tungsten tip and PZT [28, 31] or from the possible diffusion of charged defects and adsorption of charged species aligned to the original P [001] orientation. The presence of surface states and the short contact of the tungsten tip to the PZT film at room temperature, which is unlikely to have reached electrochemical equilibrium, makes the W/PZT Schottky field difficult to estimate. The built-in field at this junction has the potential to be slightly larger than at the PZT/SRO interface, but opposite in direction, reducing the applied field at the tip contact point. The contribution of the alignment of defect dipoles to the original P [001] polarization, an aging process common to ferroelectric domain wall (cosθ P S ) is 0.57P S , where P S is the spontaneous polarization. This gives a total charge density of 1.14P S which exceeds even the surface charge density of the film (P S ). Given an approximate value of P S = 70 μC/cm 2 , [26, 27] this corresponds to a charge density of 80 μC/cm 2 or an equivalent density of 5.0 · 10 14 cm −2 elementary charges. This charge makes the This also reveals that for a ferroelectric thin film in an inhomogeneous field lateral domain wall creep does not take place by the stepwise movement of equilibrium domain walls, as it is typically modeled. [32] The propagation of charged, rather than neutral domain walls may significantly alter the kinetics of the switching since the domain wall itself will electrostatically oxides, must be either sufficiently weak or rapidly reversed so that the induced P [001] orientation is thermodynamically stable as evidenced by the long term retention of all but the smallest domains.
In conclusion, given the positive field at the PZT/SRO Schottky junction and the lack of strain in 180° switching, the induced P [001] domain may not only be degenerate, but thermodynamically favored in the film at zero bias. In such a case the backswitching of small domains can be solely attributed to 
